Effects of different boundary conditions at the surfaces of the extended computational domain on buoyancy driven natural convection flow in a three dimensional open cavity are studied numerically. This study is carried out for turbulent flow where Rayleigh number is greater than 10 8 .
I. Introduction
Natural convection is a mechanism, in which the fluid motion is not generated by any external source but only by density differences in the fluid occurring due to temperature gradients. Buoyancy driven natural convection heat transfer is one of the dominant concepts with many usages in different fields of science and industry. In different applications we need more or less to know about this phenomenon to control it and should be aware how to control it in some cases.Setting the proper boundary conditions is a challenging task due to the complexity of the physical mechanisms involved.
Significant differences may be found in the flow and heat flux profiles in natural convection with Boussinesq assumption and with temperature dependent physical properties, namely density, dynamic viscosity, thermal conductivity and specific heat capacity The natural convection flow consists of a horizontal counter flow that penetrates a horizontal cavity over a distinct length, is proportional to the cavity height and the square root of the Raleigh number 3 . Fusegi et al. 4, 5 presented threedimensional calculations for laminar flow for Raup to 10 10 . Comparisons were made with two-dimensional simulations and differences were reported for the heat transfer correlation between Nu and Ra.
An accurate set of effective boundary conditions for flow and temperature fields at the aperture plane for two dimensional open-ended structures was obtained for a wide range of pertinent parameters such as Rayleigh number, Prandtl number, and aspect ratio by Khanafer and Vafai 6 .
Comprehensive comparisons for the streamlines and the isotherms within the enclosure were presented for various controlling parameters between the two-dimensional closed ended model (based on the use of effective boundary conditions) and the fully extended domain utilizing the far field boundary conditions. Good agreement may be obtained between the numerical results and the corresponding experimental data in pressure and velocity distribution inside and around a scale cubic building model 7 , by applying large eddy simulation (LES) methodology to wind driven ventilation. Natural convection in open-ended cavities has received considerable attention by many researchers both experimentally and numerically. For thermal natural convection, the distribution of the total heat fluxes conveyed by the fluid flow through the open boundaries not only depends on heat transfer at walls but also on physical conditions prevailing in the surroundings, on both sides of the apertures 8, 9 .
Effect of surrounding conditions on natural convection flow in a three dimensional cavity enclosed with another cavity equally distanced from the inner cavity is studied here numerically. The flow is considered to be steady, incompressible, viscous and turbulent. The k -ε turbulence model is used for simulation to capture the turbulent nature of the flow. Effects of surrounding temperature, opening positions etc. are studied and reported. Comparison of the present results with a previous work is also presented here to validate the model. Finally, a relation among the Nusselt number and other non-dimensional parameters is also reported in this study.
Since heat is transferred from hot medium to cold medium, the surrounding conditions of open cavity have a significant effect on the heat transfer mechanism as well as on the fluid flow characteristics. It is challenging to consider the surrounding conditions in numerical computations because of its sensitivity to the boundary conditions of the surrounding surfaces. To the best of knowledge, no research has been carried out so far to assess the effects of surrounding conditions on the open cavity flow behavior. The present study is motivated to explore the phenomena.
II. Description of the Model and Grid Distribution
In this work, buoyancy-driven natural convection flow in a 3D open cavity is studied numerically. In particular, a cavity of dimension 0.5 m (length) × 0.5 m (width) × 1.0 m (height) is considered as the reference case in this study.
Heat is imposed at the left wall and the right wall is kept at constant temperature of the cavity. Zero heat flux is used at all other walls. Outside this cavity, another cavity is considered to observe the effects of natural convection heat transfer in air flow. All the surfaces of this outer cavity are considered at equal distance(e.g. 1m) from all the walls of the inner cavity. A figure of the geometry considered in present computation is shown in Fig. 1 .
Non-uniform structured mesh is generated using ICEM CFD 10 , in order to discretize the computational domain. The finest possible grid containing about 0.49 million and 0.46 million hexahedral elements are used in inner and outer cavity, respectively. A minimum spacing 1mm, stretching factor of 1.2 and 26 grids in the radial direction up to a certain distance are generated in the inner cavity. Denser grids are used near the inner cavity in all sides of the outer cavity to observe the effects of mass flow and temperature just outside the inner cavity.
III. Numerical Method
Computational Fluid Dynamics (CFD), based on the numerical solution ofthe mathematical equations governing the complex physical mechanisms has gained lead during the last few years.Gan 11, 12 suggested that the larger computational domain should be used for accurate prediction of heat transfer and
ε Dissipation rate (RNG) theory for wind driven natural ventilation in a cubic building 13 .
ANSYS CFX-Solver Manager 12.0 10 is used to solve the governing equations at each grid of the sufficiently large computational domain. The convergent and grid independent solution with residual target 10 -4 is obtained using k -ε turbulence model.
Governing Equationsand Boundary Condition
The flow in this study is considered to be steady, incompressible, three-dimensional, viscous, turbulent and buoyant. The Reynolds Averaged Navier Stokes (RANS) equations are as follows: Continuity equation:
According to the k ε − model, T µ can be expressed as follows:
The k -ε model is the most widely known and extensively According to this model, k and ε can be obtained from the following equations:
Here k P is the production rate of turbulent kinetic energy which depends on the turbulent viscosity and velocity distribution. The values of all the empirical constants used in previous equations are presented in Table 1 . 
IV. Validation of Methodology
In any specific CFD approach the necessity of the surrounding domain, the proper turbulence model and the boundary conditions are the primary issues for computing the pure buoyancy driven flow phenomenon in the open cavity. Comparison with the study of Barakos et al. 15 for a closed cavity is given below to verify the numerical method.
Comparison with the result reported by Barakos et al 15 :
Barakos et al. 15 studied the buoyancy driven laminar and turbulent air flow in a two dimensional closed cavity. The horizontal walls of the cavity were assumed to be perfectly Rayleigh number 10 8 is presented in Fig. 3 . Some discrepancy is observed because the cavity considered in the Barakos's study was two dimensional. Hence the discrepancy with present study is probably due to 3D effect, discretization error and / or lack of sufficient convergence. 
V. Results and Discussion
Buoyancy driven natural convection flow in a three dimensional open cavity is studied here numerically. Choosing the perfect surrounding conditions, is an important task to understand the flow phenomena inside and outside the cavity clearly.
Choosing an Extended Computational Domain
It is necessary to assume an extended computational domain around the cavity to capture the heat transfer characteristics accurately 10,11 . The size of this computational domain has dominant effect on mass flow, temperature, velocity profile etc. In this study surroundings are chosen at 1m distance from every nearest parallel walls of the inner cavity. Average mass flow and temperature are observed by Table 2 . From this numerical study it is observed that from 0.9m to1.25m distant domain, difference in bottom average mass flow rate with 1m surrounding is less than 2%. Hence the difference in average temperature at bottom wall is negligible here. It is noted that variation in temperature and velocity profiles at different heights in the innercavity for these cases is also negligible (Fig. 4, 5 ).
Since the change in mass flow rate, temperature and velocity profile is negligible around 1m extended computational domain, it is chosen as reference case in this study.
Effects of Opening Positions at Surrounding Boundaries
In the reference case, the top and bottom walls of the surrounding cavity areconsidered to be open. In this section, the effects of different opening position in surrounding cavity are studied. The opening position at surrounding cavity has significant effect on the velocity profile inside the inner cavity. Since the difference in temperature profile is not dominant in all cases. These results are not shown for brevity.
Average mass flow rate changes with the change of opening positions. Difference in mass flow rate, is the highest in case of all opening walls. At the bottom wall of the inner cavity, mass flow rate changes up toabout 20% from bottom-top wall opening case (Table 3) .
Opening position in surrounding cavity also affects the flow pattern inside the inner cavity (Fig. 6) . It is observed that the flow pattern inside the inner cavity is more complex in case of bottom-top and front-rear opening than in other cases.
Effects of Surrounding Temperature
In this study the surrounding temperature is hitherto (till now) kept at 25 0 C. Two different surrounding temperatures 30 0 C and 35 0 C are assumed in this section and the comparison is made after comparing with the results of the reference case. Huge difference is observed between these cases. In both cases, the temperature andvelocity profiles (Fig. 7) behave totally different than the case of surrounding temperature 25 0 C. The temperature inside the inner cavity becomes almost equal tothe surrounding temperature, which is not shown for brevity. Mass flow rate at the bottom wall of the inner cavity and heat flux at the hot wall decrease with the increase of surrounding temperature. With only 5 0 C increase of surrounding temperature (25 0 C to 30 0 C), the stream-lines (Fig. 8b) adjacent to the side walls have become straight line. Turbulent nature is observed at the middle of the inner cavity. This behavior can be explained by the velocity vector (Fig. 8a) . A downward flow is observed adjacent to the cold wall and the velocity of the flow increases at the bottom wall which was not observed in case of surrounding temperature 25 0 C. It is because in case of surrounding temperature 25 0 C, the cold wall and surroundings have same temperature. But in case of surrounding temperature 30 0 C and 35 0 C, the cold wall temperature is less than the surrounding temperature. And the density of the air flow inside the cavity is greater than the density of the air flow outside the cavity. So a downward flow adjacent to the cold wall is observed due to buoyancy force. A downward flow has arisen adjacent to the cold wall (Fig. 9) 
Some Non-dimensional Parameters
Mass flow and heat transfer are the main concerns in the buoyancy driven natural convectionflow. Non-dimensional parameters are important to understand the physics of the model. A relation between Nusselt Number, Rayleigh number andPrandtl number was reported by Bejan 16 . This relation is proposed for a hot vertical wall with high Rayleigh number and low Prandlt number as follows:
(5.1) 
VI. Conclusions
The effects of boundary conditions at the surfaces of the extended computational domain in computing the natural convection flow in a three dimensional open cavity are studied numerically. Since buoyancy is the dominant heat transfer mechanism, surrounding boundary conditions have a sensitive effect on the flow inside the cavity. The solution captures all flow and heat transfer phenomena well, especially near the wall where dense and finest grids are used. Good agreement is found with previous work.
A sufficiently large extended computational domain is ensured to capture the flow phenomena accurately. It is observed that the change in flow and heat transfer characteristics inside the cavity occurs due to the effects of different surrounding boundary conditions. Velocity and temperature adjacent to the hot and cold walls are found to be changing more than the other locations inside the cavity for all conditions. Significant change in mass flow, velocity and temperature is observed by changing the surrounding temperature slightly. Opening positions on the outer cavity also has significant effects on the mass flow and turbulent nature of the flow inside the cavity. A relation between the non-dimensional parameters is found as
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Nu 0.15 (Ra Pr) ≅ that may be applied to understand physical mechanism.
